Introduction {#s1}
============

The ability of the brain to learn and to store memories is essential for our very existence, and alterations of synaptic structure are regarded as a key element in the formation of long-term memories ([@BHW007C12]; [@BHW007C44]; [@BHW007C45]). For new memories to form and consolidate, neuronal compartments, therefore, need to become temporarily plastic to allow alterations of synaptic and dendritic configurations. In contrast, the default condition in both gray and white matter appears to be one of nerve growth inhibition to maintain status quo. This inhibition is in part provided by the Nogo-signaling system ([@BHW007C36]; [@BHW007C25]). The Nogo-signaling machinery encompasses an increasing number of proteins. This system, and Nogo receptor 1 (NgR1) in particular, are strongly expressed in forebrain neurons endowed with marked plasticity also in adulthood in mice, rats, and humans alike ([@BHW007C10]; [@BHW007C15]; [@BHW007C21]).

The forces that inhibit neuronal outgrowth have to be overcome for new connections to sprout. One mechanism to accomplish this appears to be activity-induced down-regulation of NgR1, as shown to occur in a variety of experimental conditions such as treatment with kainic acid or amphetamine, electroconvulsive stimulation, spinal cord injury, traumatic brain injury, running, and exposure to a novel environment ([@BHW007C14]; [@BHW007C9]; [@BHW007C43]; [@BHW007C11]; [@BHW007C27]). A strong stimulus (kainic acid) also leads to upregulation of the NgR1 antagonist Lotus, possibly to further neutralize NgR1-mediated signaling ([@BHW007C18]). Moreover, the neuronal activity induced by kainic acid upregulates NgR2 and NgR3 messenger RNA ([@BHW007C18]), which should increase sensitivity to the white matter-specific inhibitor myelin associated glycoprotein ([@BHW007C42]), and to chondroitin sulfate proteoglycans ([@BHW007C8]), respectively. This suggests ways in which synaptic plasticity of individual synapses becomes restricted to very local territories ([@BHW007C18]).

When NgR1 is absent, the ocular dominance shift phenomenon remains into adulthood in mice, showing that lack of NgR1 is associated with an increased degree of synaptic plasticity ([@BHW007C24]). Conversely, and consistent with such a role for NgR1, we found that overexpression of the NgR1 gene in forebrain neurons impairs the formation of lasting memories, suggesting impaired plasticity when NgR1 cannot be downregulated as needed ([@BHW007C16]). Moreover, both Nogo-A and OMgp can attenuate long term potention (LTP) induction through NgR1 ([@BHW007C31]; [@BHW007C47]), while blocking the Nogo-A-Δ20---S1PR2 signaling pathway markedly enhances LTP ([@BHW007C19]), showing that this effect of Nogo can be mediated by both the Nogo-A-Δ20 and the Nogo 66 domains. It has also been shown that NgR1 limits the formation of excitatory synapses in neurons during development ([@BHW007C43]) and NgR1 has been implicated as a regulator of spine dynamics and maturation ([@BHW007C22]; [@BHW007C1]).

In terms of behavioral consequences, the role of NgR1 has not been evaluated in a more demanding setting. Typically, mice are exposed to only one or two behavior tests, quite distinct from the complex and demanding learning tasks that take place in the wild. Here, we directly compare the performance of control mice with that of mice that either overexpress or lack NgR1 in a more demanding setting with an initial motor test, followed by a novel object recognition test and 2 different spatial memory tests, to test several different aspects of memory formation. The test battery engages partly different brain areas (motor control: cortical premotor/motor areas, striatum, cerebellum; object memory: cerebral cortex, hippocampus; spatial orientation: hippocampus, entorhinal cortex). In addition, in a separate experiment, we assessed the role of NgR1 overexpression in drug-induced plasticity. We show that overexpression of NgR1 can significantly impair spatial learning in this more natural sequential learning paradigm, while lack of NgR1 impairs novel object recognition and locomotor function (rescuable with training).

While a relationship between NgR1 availability and dendritic spine structure has been established, there is also lack of knowledge about the role of NgR1 for the formation of mature spines during development and in response to perturbations in adulthood, not the least with respect to differences between different brain areas. Likewise, there is a lack of information about the role of NgR1 for dendritic architecture.

Our hypothesis was that overexpression of NgR1 (causing an inability to down-regulate NgR1 when needed ([@BHW007C16]) in forebrain neurons would inhibit structural synaptic plasticity, and that this in turn would impair learning. We address these issues by comparing control mice with constitutively NgR1 overexpressing mice and also by subjecting these 2 types of mice to a cocaine sensitization protocol, known to induce structural changes ([@BHW007C35]). We demonstrate that overexpression of NgR1 significantly alters both spine structure and density. Consistent with our hypothesis, the density of mature mushroom spines is decreased in all 3 brain areas analyzed. Spine alterations are paralleled by alterations of several structural parameters of the dendritic arbor itself in a brain area-specific manner. We also hypothesized that the plasticity blocking effect of NgR1 overexpression might be overcome by a sufficiently strong stimulus such as cocaine. While behavioral responses to cocaine, and effects of cocaine on spine and dendrite morphology were also found to be regulated by NgR1, we noted that cocaine seemed able to increase spine densities in NgR1 overexpressing mice, supporting our hypothesis. Notably, we find that NgR1 overexpressing mice develop less stereotypies in response to a cocaine sensitization protocol. Together, these findings show that NgR1 is a negative regulator of structural synaptic plasticity as well as dendritic complexity, and that not only dendritic spines but also the dendritic tree that carries them can become markedly rearranged by drugs in a short period of time in adult animals.

Experimental Procedures {#s2}
=======================

Mice {#s2a}
----

Mice were housed with siblings in cages with a small house and tissues for nesting. Food and water were available ad libitum. Lights were set to a 12-h on/off alternating cycle. The NgR1 knockout mice (Nogo Receptor MTL B2) ([@BHW007C48]) were kindly provided by Dr Marc Tessier-Lavigne. For the knockout studies, we chose to study NgR1^+/−^ mice versus mice with complete lack of NgR1. We have carried out western blots to verify that the NgR1 protein levels in NgR1^+/−^ mice are about half those found in NgR1^+/+^ mice (data not shown). The NgR1 knockout construct we obtained also carries LacZ. By comparing NgR1^−/−^ and NgR1^+/−^ animals, any possible influence of LacZ is minimized. This strategy to control for the insertion of exogenous genetic material was deemed "the most conservative approach" to study effects of altered NgR1 expression levels. Indeed, we found significant differences between the 2 studied genotypes in 3 of the 4 behavior tests carried out. Had we not found differences between the homo- and heterozygous mice in our tests, control mice with 2 intact NgR1 genes would have been needed, but since robust differences were found, we were able to conclude that the presence of NgR1 matters. A similar approach, comparing homozygous and heterozygous NgR1 knockout mice, has also been used by Strittmatter\'s group ([@BHW007C1]).

To generate mice that overexpress NgR1 in the forebrain, we obtained mice that express the tetracycline transactivator under the control of the CamKII promoter (Jackson laboratories). These mice were crossed with mice that express a tetracycline-responsive element driving the expression of an NgR1 transgene, as previously described ([@BHW007C16]). For the NgR1 overexpressing mice, the control mice consisted of monotransgenic mice carrying either the CamkII-tTA gene or the tetracycline-responsive element-NgR1 gene. We have previously compared these 2 types of controls to each other and to wild-type mice with respect to behavior parameters, and not found any differences. For both studies, the rational was to have control mice that had undergone genetic manipulations similar to those of the corresponding experimental groups. This strategy to control for the insertion of exogenous genetic material was deemed the most conservative approach to study the effects of altered NgR1 expression levels. When mixed genders were used, a possible gender effect was first examined and none was found for the current experimental conditions. A gender stratification of data analysis was therefore not used. The series of behavior tests was composed to challenge different types of learning related to different brain domains and functions, such as motor control areas (cortical motor areas, striatum, cerebellum), object memory (cerebral cortex, hippocampus), and spatial orientation (hippocampus, entorhinal cortex). All animal studies were approved by the Northern Stockholm Animal Ethical Committee.

Rotarod Performance {#s2b}
-------------------

Mice were trained on the accelerating Rotarod for 5 days with 4 trials per day and allowed to rest 40 min between trials. The rod accelerated from 4 RPM to a maximum of 80 RPM in 7.5 min and the RPM at which the mouse fell off was recorded. If mice hung on to the rod, they were lightly touched and if they did not start running, the RPM at the start of the hanging behavior was recorded. Eighteen NgR1 overexpressing (10 males, 8 females) and 17 control (9 males, 8 females) mice were used. For the NgR1 knockout study, 22 NgR1^−/−^ (12 males, 10 females) and 21 NgR1^+/−^ (11 males, 10 females) mice were used.

Novel Object Recognition {#s2c}
------------------------

The mice were first put into the arena (42 × 42 cm) for 10 min of habituation after which they were returned to their home cages. After 1 h, they were put back into the arena for familiarization with 2 identical objects for 10 min. They were again returned to their home cage for 1 h and then returned for the novel object phase, during which one of the two objects was an identical copy of the object used during the familiarization phase, and one object was new to the mouse. Mouse behavior was digitally recorded and the time mice spent investigating each object was obtained from visual observation of the movies by an individual blinded to the genotype and novelty of the object, and the preference for the objects was scored during 4 min (as determined by a pilot experiment). The inclusion criterion for the novel object test was that the total time spent to investigate both objects was at least 4 s. A total of 16 NgR1 overexpressing mice (8 males, 8 females) and 14 controls (7 males, 7 females) were used to study the effects of NgR1 overexpression. For the NgR1 knockout study, 12 knockouts (7 males, 5 females) and 11 controls (6 males and 5 females) were used.

Barnes Maze {#s2d}
-----------

Mice were placed at the center of a circular board (1.25 m in diameter) placed in a brightly lit room ([@BHW007C3]). The board has 36 holes along the outer perimeter and one of these holes allowed the mice to escape into a small compartment. The mice were trained during 5 days with 4 trials (180 s) per day. On the sixth day, the mice were subjected to a probe trial where the escape compartment had been removed, and the proportion of pokes into the previous escape hole and the 2 closest neighboring holes was used as a measure of escape hole memory. Mice that spent prolonged periods of time without significant locomotion were excluded from the test. For the NgR1 overexpression study, 12 NgR1 overexpressing mice (6 males, 6 females) and 17 controls (9 males, 8 females) met the inclusion criteria. For the NgR1 knockout study, 16 NgR1 null mice (12 males, 4 females) and 18 controls (11 males, 7 females) met the criteria.

Morris Water Maze {#s2e}
-----------------

For the Morris water maze test ([@BHW007C26]), mice were placed in a pool (1.8 m in diameter) at semi-random starting positions (south, east, north, and west; once each per day) and trained with 4 trials per day to find the location of a submerged escape platform (15 cm in diameter). On the first 2 days, the mice underwent a visual platform test with a curtain around the pool and with a flag on the platform. Only 1 mouse did not manage to complete this stage (1 Ngr1 knockout mouse that was removed from the rest of the study). At day 3, the mice were trained with the hidden version of the test without a visual landmark on the platform. The curtain was now removed and distal cues were placed around the pool to allow visual navigation. Mice were trained for 7 days for the hidden version of the test. Mice that did not actively swim ("floaters") were removed from the study. Eleven NgR1 overexpressing mice (5 males, 6 females) and 16 controls (9 males, 7 females) met the criteria. Sixteen NgR1 knockout mice (10 males and 6 females) and 21 controls (12 males, 9 females, all heterozygous for the NgR1 null allele) used in the study of lack of NgR1 met the criteria.

Locomotor Sensitization to a Drug Challenge {#s2f}
-------------------------------------------

Male NgR1 overexpressing mice and littermate controls were equally divided into cocaine (Sigma Aldrich, St Louis, MO, USA) and saline groups, and subjected to a locomotor sensitization paradigm initiated by 2 days of saline injections to investigate baseline locomotor activity in response to injections and a new environment. This was followed by 10 days of saline (10 mL/kg) or cocaine (15 mg/kg in 10 mL/kg saline) injections. The cocaine dose was chosen as it has been commonly used by others ([@BHW007C33]). After each injection (day 1--12), locomotor activity (distance in cm) and stereotypic-like behavior (measured as repeated crossings of the same light beam as occurring during grooming, head bobbing, etc.) were registered in activity boxes (42 × 42 cm, Accuscan Instruments, OH, USA) during 1.5 h. The experimenter was blinded with regard to genotype until the final data were analyzed. For each of the 4 groups (control mice saline/cocaine and NgR1 overexpressing mice saline/cocaine), 24 mice were used. Four NgR1 overexpressing mice were removed from the analysis for being highly overactive in response to the first cocaine injections, and because the standard deviation of the 4 excluded mice was 4.3, 5.8, 6.5, and 4.0, respectively, above the mean of the included mice.

Spine and Dendrite Analyses {#s2g}
---------------------------

Mice were sacrificed 24 h after the last saline or cocaine injection (day 13) and brains were processed for Golgi staining (FD rapid GolgiStain Kit, FD NeuroTechnologies, Ellicott City, MD, USA) according to the manufacturer\'s manual. Tissues were cryosectioned at −25°C (Microm HM500M; Microm HM560; Thermo Scientific) into 160-µm-thick coronal sections.

### Selection of Brain Areas {#s2g1}

We chose 3 brain areas: frontal association cortex, due to its importance for decision-making and executive functions, the anterior cingulate cortex for its important role in the limbic system, and emotional integration, and the nucleus accumbens for its role in reward-associated learning. The choice of areas also reflects the cocaine sensitization arm of the experiment since the frontal association cortex and the nucleus accumbens are both strongly involved in the addictive response ([@BHW007C33]) and since the cingulate cortex is strongly linked to cocaine use in both humans and rodents ([@BHW007C2]). We hypothesized that the plasticity blocking effect of NgR1 overexpression might be overcome by a sufficiently strong stimulus such as cocaine.

### Selection of Neurons {#s2g2}

Areas of interest were selected using dedicated software for dendrite and spine analysis (Neurolucida MBF Bioscience, VT, USA). Neurons suitable for analysis were randomly selected if fulfilling our inclusion criteria: Cortical pyramidal neurons should have their soma in layer 3, their apical dendrite should be contained in the section, and a substantial portion of the distal parts should not overlay other dendrites to allow accurate spine counting and avoid ambiguity in dendritic reconstruction. In nucleus accumbens, we targeted medium spiny projection neurons, the dominant class of neurons in this region ([@BHW007C34]). Within the selected region of interest, we randomly selected neurons with dendritic trees contained in the section and without the disturbance of other Golgi-stained cells.

### Spine Analysis {#s2g3}

Dendritic spines on distal dendrite branches, (≥fourth order dendrites) in nucleus accumbens, the cingulate cortex, and the frontal association cortex were analyzed by light microscopy (Zeiss Axio Imager M2 light microscope, Carl Zeiss Microscopy, Germany) and dedicated software (Neurolucida). Spines were quantified and morphologically categorized as filopodia (if clearly more than 2 times as long as wide), thin (if approximately twice as long as wide), or mushroom (showing a head at least 2× wider when compared with the neck) types. The filopodia-type spines were found to be too few to allow sufficient power for analysis and were therefore not included. Approximately 8 neurons were counted per brain and area. The analysis was blinded to genotype and drug treatment. A total of 77 452 spines from 1115 neurons were counted and classified (frontal association cortex: 368 neurons, cingulate cortex: 363 neurons, nucleus accumbens: 384 neurons, used to analyze 4 groups with 12 animals in each group). All counting and classification of spines was carried out by one trained individual.

### Dendritic Tree Analyses {#s2g4}

The Sholl analysis principle ([@BHW007C38]) was applied to the same populations of neurons as used for dendritic spine analysis using the same dedicated software as used for spine analysis (Neurolucida). In addition to 1) the Sholl analysis plot of dendritic complexity at different distances from the neuron soma, we also calculated 2) total dendrite length, 3) number of dendrite endings, and 4) the distribution of different dendrite lengths.

Ex Vivo Magnetic Resonance Imaging (MRI) {#s2h}
----------------------------------------

Formalin fixed brains were positioned in syringes filled with Fomblin (Solvay Solexis, Italy) to avoid image artifacts due to susceptibility mismatch, while providing a dark background. A horizontal 9.4 Tesla magnetic resonance scanner (Agilent, Yarnton, UK) equipped with a birdcage coil (16 mm inner diameter, Rapid Biomed, Rimpar, Germany) was used for data acquisition. A diffusion-weighted spin echo with diffusion-weighted gradients applied in 30 different directions, as well as a reference image with the diffusion encoding gradients set to zero, was used (TR = 2.1 s, TE = 20.65 ms, NEX = 4, matrix = 192 × 128, field of view = 19.2 × 19.2 mm^2^, 50 contiguous 0.3-mm-thick slices). The data were zero-filled to 256 × 256 points before Fourier transformation. The diffusion-weighted images were interpreted using the diffusion tensor model, and fractional anisotropy (FA) and mean diffusivity (MD) were analyzed (ImageJ, NIH) by a person blinded to the genotype. For the diffusion tensor imaging (DTI) and MR images shown, the levels were modified and nonbrain areas removed to achieve a clearer picture. The exact same settings were used for control and overexpressing brain images and these changes were not applied to the pictures used for analysis.

Statistical Analysis {#s2i}
--------------------

Data were analyzed by *t*-tests when only 2 groups were compared (probe trials). Generalized linear models were used for all tests with multiple groups and generalized estimated equations were used for all longitudinal data. When appropriate, post hoc tests were performed with Bonferroni correction for multiple testing. All analyses were performed using the same analysis program (SPSS 22, IBM, USA).

Results {#s3}
=======

Within the brain, several different systems have the ability to form their own specific types of memories ([@BHW007C39]). Mice are often tested with respect to only one of these different memory domains. While the Nogo system has been seen to affect learning in some of these different modalities ([@BHW007C25]), a thorough examination of the different aspects of memory formation has not yet been performed. We choose to subject mice with excess NgR1 and mice lacking NgR1 to several behavior tasks intended to test these different aspects of memory. The mice were first exposed to the Rotarod, a task that requires the basal ganglia, areas of the premotor, and motor cortex as well as cerebellum. This was followed by the novel object test that puts a high demand on frontal and parietal regions of the cerebral cortex as well as hippocampus. We then challenged the mice in 2 consecutive spatial tests that both require the hippocampus. We reasoned that repetitive spatial learning would put a higher demand on the hippocampal circuitry.

Rotarod Performance Is Impaired in NgR Knockout Mice {#s3a}
----------------------------------------------------

The behavioral testing began by the examination of motor learning of NgR1 overexpressing and knockout (NgR1^−/−^) mice using the accelerating Rotarod ([@BHW007C13]). Both control and overexpressing mice improved performance with training (Fig. [1](#BHW007F1){ref-type="fig"}*A*) without any significant effect of NgR1 overexpression (genotype *P* = 0.3, day *P* \< 0.001 and genotype × day *P* = 0.5). As the mice were subjected to 4 trials per day, we thought that motivation might differ between the groups and performance on some trials might lower the average. Therefore, the maximal speed achieved during the entire training paradigm was also compared between the groups. This parameter supported our initial finding of no significant difference between genotypes (Fig. [1](#BHW007F1){ref-type="fig"}*B*, *P* = 0.22). Figure 1.Overexpression of NgR1 impairs sequential spatial learning, lack of NgR1 impairs locomotion and novel object recognition. This compound figure presents 2 separate studies, one in which NgR1 overexpressing mice were compared with litter mate controls, and a second study in which NgR1^−/−^ mice were compared with littermate NgR^+/−^ mice. Statistical comparisons are only made within, not between groups. At the top is shown a time line of the tests and the experimental steps of each test (*A*,*C*) Performance during 5 days (4 trials per day) of Rotarod training. (*B*,*D*) Average of the maximal speeds achieved by mice in the corresponding groups. (*E*,*F*) Novel object recognition, shown as time spent looking at a novel, compared with a familiar object. (*G*,*I*) Learning performance during 5 days of training in Barnes maze with 4 trials per day. (*H*,*J*) Probe trials performed 1 day after the training period. (*K*,*M*) Performance during 7 days of training in Morris water maze. (*L*,*N*) Probe trials of the same groups in Morris water maze carried out 1 day after the last training session. Red bars in (*H*,*J*,*L*,*N*) indicate chance levels of performance. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* ≤ 0.001.

While NgR1 overexpression did not significantly affect performance, mice lacking NgR1 performed significantly worse during the initial phase of Rotarod training (Fig. [1](#BHW007F1){ref-type="fig"}*C*, genotype *P* = 0.34, day *P* \< 0.001 and genotype × day *P* = 0.003) compared with control mice, heterozygous for the NgR1 null mutation (NgR1^+/−^). Toward the end of the training session, the performance of NgR1^−/−^ mice improved to a similar level when compared with that of NgR1^+/−^ mice. The initial deficit in Rotarod performance was thus rescued by training, and the maximum speed achieved was not significantly different between NgR1^−/−^ and NgR1^+/−^ mice (Fig. [1](#BHW007F1){ref-type="fig"}*D*, *P* = 0.66).

Novel Object Recognition Intact in NgR1 Overexpressing Mice, Impaired in NgR1 Knockout Mice {#s3b}
-------------------------------------------------------------------------------------------

We next performed a novel object recognition test to assess if overexpression or lack of NgR1 would affect short-term (1 h) recognition memory. Both control and NgR1 overexpressing mice demonstrated a significant preference for the novel object (Fig. [1](#BHW007F1){ref-type="fig"}*E*, *P* = 0.034 and *P* \< 0.001, respectively). The same was true for NgR1^+/−^ mice (Fig. [1](#BHW007F1){ref-type="fig"}*F*, *P* = 0.003). Interestingly, NgR1^−/−^ mice did not show a significant preference for the novel object (*P* = 0.467). This lack of significant novel object recognition in NgR1^−/−^ mice was not due to a difference in the time spent looking at the novel object, instead NgR1^−/−^ mice spent more time looking at the familiar object. To verify that the impairment seen in NgR1^−/−^ mice was not caused by less exploration of the objects during the preceding familiarization phase, we compared the time the mice spent investigating each object during this first session, and found no significant difference ([Supplementary Fig. 1](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw007/-/DC1), *P* = 0.16); if anything NgR1^−/−^ mice spent more time than NgR1^+/−^ mice investigating the objects. This suggests that the inability to downregulate NgR1 does not impair short-term (1 h) object memory, while complete lack of NgR1 does.

Sequential Spatial Learning Is Severely Impaired in NgR1 Overexpressing Mice {#s3c}
----------------------------------------------------------------------------

To assess spatial memory, we subjected the mice to 2 different behavioral tests; the Barnes maze followed by the Morris water maze. In the initial Barnes maze test, NgR1 overexpressing mice learned the task as well as controls (Fig. [1](#BHW007F1){ref-type="fig"}*G*, genotype *P* = 0.94, day *P* \< 0.001 and genotype × day *P* = 0.22). To verify that the mice had learned the location of the escape hole, we performed a probe trial 1 day after the end of the learning period without the escape hole (day 6, Fig. [1](#BHW007F1){ref-type="fig"}*H*), and found no significant difference between the 2 groups (*P* = 0.46). NgR1^−/−^ mice also learned the maze as well as their controls (Fig. [1](#BHW007F1){ref-type="fig"}*I*, genotype *P* = 0.34, day *P* \< 0.001 and genotype × day *P* = 0.3). In the following probe trial, both groups showed strong memory for the former escape location. The NgR1^+/−^ mice had a significantly stronger preference for the former escape location than NgR1^−/−^ mice (Fig. [1](#BHW007F1){ref-type="fig"}*J*, *P* = 0.03). This difference was not caused by low preference in NgR1^−/−^ mice, but instead due to very strong preference in the NgR1^+/−^ group. This suggests that day-to-day learning is intact in both NgR1 over- and underexpressing mice.

To further investigate spatial memory abilities, we finally subjected the same cohorts of mice to the Morris water maze one week after the Barnes test. All groups started with 2 days of training with a visual platform and no difference was seen in how fast either group found the platform or in their swim speed ([Supplementary Figure 2](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw007/-/DC1)). After the visual platform session, the mice were trained for another 7 days in the Morris water maze with a hidden platform. In this second spatial memory test, the NgR1 overexpressing mice were significantly impaired (Fig. [1](#BHW007F1){ref-type="fig"}*K*, genotype *P* \< 0.001, day *P* \< 0.001, genotype × day *P* = 0.72). A probe trial performed the day after the training phase confirmed this deficit by showing that NgR1 overexpressing mice performed significantly worse than controls and (Fig. [1](#BHW007F1){ref-type="fig"}*L*, *P* = 0.013) no better than at chance level.

NgR1^−/−^ mice learned the Morris water maze equally well as NgR1^+/−^ mice (Fig. [1](#BHW007F1){ref-type="fig"}*M*, genotype *P* = 0.47, day *P* \< 0.001, genotype × day *P* = 0.29). In the following probe trial, both groups demonstrated strong memory for the platform location (Fig. [1](#BHW007F1){ref-type="fig"}*N*) without any significant difference between the groups (*P* = 0.56).

Ex Vivo MRI Suggests Intact Gross Anatomy and White Matter Tracts in NgR1 Overexpressing Mice {#s3d}
---------------------------------------------------------------------------------------------

While the consequences of a lack of NgR1 have been well studied, less is known about how overexpression of NgR1 in forebrain neurons may affect brain development and structure. To assess this, we performed T2-weighted ex vivo 9.4 T MRI scans of brains from NgR1 overexpressing and control mice. We first analyzed the gross anatomy of the brain and found no significant differences in the volume of the brainstem, cerebellum, cerebrum, or hippocampal formation (Fig. [2](#BHW007F2){ref-type="fig"}*D*). We also analyzed the thickness of the cerebral cortex at several different locations and found no significant effects related to overexpression of NgR1 (Fig. [2](#BHW007F2){ref-type="fig"}*E*). Figure 2.Gross brain neuroanatomy is not affected by NgR1 overexpression. Ex vivo MRI analysis of brain parameters. (*A*) 3D representation of brain structures of control and NgR1 overexpressing mice. Forebrain (red), cerebellum (green), and brain stem (blue). (*B*) Representative T2 images used for measurement of cortical thickness. (*C*) Representative DTI images, used for white matter analysis. (*D*) Volumes of 4 major brain regions in NgR1 overexpressing mice compared with controls. (*E*) Thickness of 5 cortical areas in NgR1 overexpressing mice compared with controls. CC, cingulate cortex; dlEC, dorsolateral entorhinal cortex; PMC, premotor cortex; PVC, primary visual cortex; RSC, retrosplenial cortex (*F*) Volumes of 3 white matter tracts in NgR1 overexpressing mice compared with controls; AC, anterior commissure; CC, corpus callosum; IC, internal capsule. (*G*) Fractional anisotropy and (*H*) mean diffusivity of the same white matter areas as shown in (*F*). \**P* \< 0.05.

The Nogo system is important for both myelin-based nerve growth inhibition and myelination per se ([@BHW007C7]). We therefore analyzed the size of some of the major axonal pathways in the brain to see if NgR1 overexpression had affected their structure. The volumes of corpus callosum, the anterior commissure, and the internal capsule were measured and found to be similar to those of control mice (Fig. [2](#BHW007F2){ref-type="fig"}*F*). To further investigate if NgR1 overexpression affects white matter structure, we measured FA, a measurement of uniformity of axonal tracts. No significant differences were detected in the 3 white matter regions investigated (Fig. [2](#BHW007F2){ref-type="fig"}*G*), suggesting that white matter uniformity had not been altered by the NgR1 transgene. We also measured MD, a measurement of how much diffusion of water is inhibited, and found a small, but significant increase in NgR1 overexpressing mice (Fig. [2](#BHW007F2){ref-type="fig"}*H*, genotype *P* = 0.02, region *P* = 0.546 genotype × region *P* = 0.675). Together, these findings indicate that overexpression of NgR1 from birth have very limited effects on gross neuroanatomy.

NgR1 Overexpression Enhances Locomotor Sensitization While Inhibiting the Development of Stereotypic Behavior {#s3e}
-------------------------------------------------------------------------------------------------------------

We subjected a new cohort of NgR1 overexpressing and control mice to a cocaine sensitization protocol in order to assess how NgR1 would affect the development of locomotor sensitization. The mice received either saline injections for 12 days or saline for the first 2 days, followed by cocaine for the next 10 days. NgR1 overexpressing mice displayed a stronger initial locomotion activity during the first days of saline treatment (Fig. [3](#BHW007F3){ref-type="fig"}*A*, genotype *P* = 0.035 day *P* \< 0.001 and genotype × day *P* = 0.039). This normalized with time such that there was no significant difference in locomotion following saline injections at the end of the experiment. For the groups destined to be challenged with cocaine, we detected the same increased baseline locomotion of the NgR1 overexpressing mice during the initial 2 days of saline treatment (Fig. [3](#BHW007F3){ref-type="fig"}*B*, genotype *P* = 0.041, day *P* \< 0.001 and genotype × day *P* = 0.641). When first injected with cocaine at day 3, both NgR1 overexpressing and control mice showed a characteristic increase in locomotion (Fig. [3](#BHW007F3){ref-type="fig"}*B*, genotype *P* = 0.005, day \< 0.001 and genotype × day *P* = 0.487) and over the time course of the experiment NgR1 overexpressing mice developed and maintained a stronger locomotor response to cocaine than controls. To more clearly visualize the amount of sensitization, we compared the locomotion on day 3 with the locomotion on day 12 and could see that both groups sensitized in a strongly significant manner (Fig. [3](#BHW007F3){ref-type="fig"}*C* control *P* \< 0.001 and NgR1 overexpressing *P* \< 0.001). Figure 3.Excess NgR1 potentiates cocaine sensitivity while limiting the development of stereotypies. At the top is shown a time line for the test and information about treatments of the 2 groups. Locomotion of control and NgR1 overexpressing mice was monitored during (*A*) 12 days of saline injections or (*B*) 2 days of saline injections, followed by 10 days of cocaine injections. (*C*) Locomotion responses of control and NgR1 overexpressing mice to the first (day 3) and the last day (day 12) of cocaine. (*D*) The amount of time spent performing stereotypy-like behavior. (*E*) The amount of stereotypy-like behavior after the first and the last cocaine dose. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001.

We next asked if a difference in the amount of stereotypy-like movements might be the cause of the difference seen in locomotion between the groups. We did find that control mice significantly increased the time spent performing stereotypy-like movements from day 3 to day 12 (Fig. [3](#BHW007F3){ref-type="fig"}, genotype *P* = 0.007, day *P* \< 0.001 and genotype × day *P* = 0.051) such that there was a clear difference between day 3 and 12 in controls but not in NgR1 overexpressing mice (Fig. [3](#BHW007F3){ref-type="fig"}*E* controls *P* = 0.0043; NgR1 overexpressing mice *P* = 0.85). This shows that the inability to downregulate NgR1 counteracts the drug-induced shift of behavior from locomotion to stereotypy-like behavior seen in control mice.

Forebrain NgR1 Levels Regulate Dendritic Spine Densities and Spine Responses to Cocaine {#s3f}
---------------------------------------------------------------------------------------

The day after the last injection, the saline- and cocaine-treated control and NgR1 overexpressing mice were sacrificed and brain sections from all 4 groups were Golgi-stained ([Supplementary Fig. 3](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw007/-/DC1)). The frontal association cortex, the cingulate cortex, and nucleus accumbens were selected ([Supplementary Fig. 4](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw007/-/DC1)) for spine and dendrite analysis.

In the frontal association cortex, we found that the apical dendrites of pyramidal neurons had significantly lower spine densities in NgR1 overexpressing mice compared with control mice (Fig. [4](#BHW007F4){ref-type="fig"}*A*, genotype *P* = 0.003). To further analyze the cause of this reduction, we stratified spines into thin and mushroom types. There was no significant difference between controls and NgR1 overexpressing mice with regard to the density of thin spines (Fig. [4](#BHW007F4){ref-type="fig"}*B*). We plotted the frequency distribution of thin spine densities and could not see any effect of NgR1 overexpression on the density frequency distribution (Fig. [4](#BHW007F4){ref-type="fig"}*C*). In contrast to thin spine density, mushroom spine density was significantly reduced in NgR1 overexpressing mice (Fig. [4](#BHW007F4){ref-type="fig"}*D*, genotype *P* \< 0.001). This caused a left shift of the density frequency distribution, showing that the reduction of mushroom spines had affected neurons with different mushroom spine densities evenly (Fig. [4](#BHW007F4){ref-type="fig"}*E*). Furthermore, there was a tendency for cocaine to increase the density of mushroom spines in both control and NgR1 overexpressing mice (treatment *P* = 0.088).

In the cingulate cortex, we observed a lower spine density on the apical dendrites of pyramidal neurons in NgR1 overexpressing mice compared with controls (Fig. [4](#BHW007F4){ref-type="fig"}*F*). Interestingly, there was a significant interaction between genotype and cocaine in this area, such that while control mice subjected to cocaine showed a reduction in spine density compared with control mice treated with saline, the opposite was seen in NgR1 overexpressing mice (Fig. [4](#BHW007F4){ref-type="fig"}*F*, genotype × treatment *P* = 0.016). Unlike the case in frontal association cortex, the change of thin spine density in the cingulate cortex mirrored that seen for total spine density, by also showing a different response to cocaine depending on genotype (Fig. [4](#BHW007F4){ref-type="fig"}*G*, genotype × treatment *P* = 0.025) and density frequency distribution (Fig. [4](#BHW007F4){ref-type="fig"}*H*). We found a significantly lower density of mushroom spines in NgR1 overexpressing mice, similar to that seen in the frontal association cortex (Fig. [4](#BHW007F4){ref-type="fig"}*I*; genotype *P* = 0.046) but no interaction between genotype and treatment was found for mushroom spines. The spine density distribution chart for mushroom spines in saline-treated mice (Fig. [4](#BHW007F4){ref-type="fig"}*J*) showed a similar left shift for NgR1 overexpressing mice as that seen in the frontal association cortex.

In nucleus accumbens, the density of spines on medium spiny neuron dendrites was reduced in mice overexpressing NgR1 (Fig. [4](#BHW007F4){ref-type="fig"}*K*, genotype *P* = 0.045), but not significantly affected by cocaine treatment. The lower spine density of NgR1 overexpressing mice was not due to a reduction of thin spines as these were comparable between control and overexpressing mice (Fig. [4](#BHW007F4){ref-type="fig"}*L*,*M*). The difference in spine density was instead due to a significant decrease in the density of mushroom spines (Fig. [4](#BHW007F4){ref-type="fig"}*N*, genotype *P* \< 0.001). The spine density distribution was again shifted to the left for NgR1 overexpressing mice (Fig. [4](#BHW007F4){ref-type="fig"}*O*). However, in accumbens, the shift was more pronounced among the group of neurons with the lowest spine densities. Notably, after cocaine sensitization, control mice showed a significantly higher mushroom spine density in nucleus accumbens than NgR1 overexpressing mice.

NgR1 Affects Dendritic Structure in the Cerebral Cortex but Not in Accumbens {#s3g}
----------------------------------------------------------------------------

An important determinant of the afferent information to a neuron is the size and complexity of its dendritic arbor (Fig. [5](#BHW007F5){ref-type="fig"}). We, therefore, examined the total length of the dendritic tree, the distribution of lengths of the individual branches, the number of endings and as well as the complexity using Sholl analysis (representative examples of neurons in [Supplementary Fig. 5](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw007/-/DC1)). Figure 4.NgR1 limits the number of mature mushroom spines in vivo; cocaine affects control and NgR1 overexpressing mice differently. Density of all spines (*A*,*F*,*K*), thin spines (*B*,*G*,*L*), and mushroom spines (*D*,*I*,*N*) in 3 brain areas from control and NgR1 overexpressing mice 24 h after last treatment with saline or cocaine. Frequency distribution charts for thin (*C*,*H*,*M*) and mushroom spines (*E*,*J*,*O*) (*n* \> 60 neurons per group from 12 mice per group). Significances between groups with Bonferroni correction: \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001.

In the frontal association cortex, the length of the dendritic tree tended to be shorter in NgR1 overexpressing mice than in controls (Fig. [5](#BHW007F5){ref-type="fig"}*A*, genotype *P* = 0.1). After mice had been exposed to cocaine, for 10 days, their dendritic trees increased significantly in length (*P* = 0.02). The number of endings per dendrite was also analyzed as a measure of dendritic complexity and did not change significantly in frontal association cortex (Fig. [5](#BHW007F5){ref-type="fig"}*B*). Sholl analysis of dendritic complexity showed that, for saline-treated animals, there was no difference between NgR1 overexpressing mice and controls (Fig. [5](#BHW007F5){ref-type="fig"}*C*, for the remaining groups see [Supplementary Fig. 6](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw007/-/DC1)). To see if NgR1 affected the growth of a subset of dendritic branches, we plotted a frequency distribution of the length of individual branches and found them to be very similar (Fig. [5](#BHW007F5){ref-type="fig"}*D* and remaining groups [Supplementary Fig. 7](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw007/-/DC1)). Figure 5.Dendritic length, number of branch points, and complexity are limited by NgR1. Same groups as in Figure [4](#BHW007F4){ref-type="fig"}. (*A*,*E*,*I*) Total length of dendrites of neurons used to analyze dendritic spines in 3 brain areas of control and NgR1 overexpressing mice treated with saline or saline followed by cocaine. (*B*,*F*,*J*) Number of dendritic endings per analyzed dendrite in the same 4 groups. (*C*,*G*,*K*) Sholl analysis of dendrite complexity with respect to distance from cell body. (*D*,*H*,*L*) Frequency distribution of different dendritic lengths. Significance between groups with Bonferroni correction: \**P* \< 0.05, \*\**P* \< 0.01.

In the cingulate cortex, control mice had significantly larger dendritic trees than NgR1 overexpressing mice after saline treatment (*P* = 0.008). For control mice, the exposure to cocaine resulted in a significant decrease in the length of the dendritic arbor (*P* = 0.037), while there was a nonsignificant increase in dendritic length in NgR1 overexpressing mice (Fig. [5](#BHW007F5){ref-type="fig"}*E*). The cocaine-induced decrease of dendritic length in control mice and the nonsignificant increase noted in NgR1 overexpressing mice together constituted a significant interaction between genotype and cocaine (genotype × treatment *P* = 0.001) in the cingulate cortex. This pattern was closely mirrored by the numbers of endings (Fig. [5](#BHW007F5){ref-type="fig"}*F*) that also exhibited a strong interaction between genotype and treatment (genotype × treatment *P* = 0.003). The significant decrease in dendritic length seen in saline-treated NgR1 overexpressing mice appear to be due to less branching as they had a significantly reduced number of dendritic endings (*P* = 0.02). There was a tendency for cocaine to reduce the endings in control mice (*P* = 0.07) while a small nonsignificant increase was noted in NgR1 overexpressing mice. Sholl analysis confirmed the reduction in dendritic complexity in NgR1 overexpressing mice (Fig. [5](#BHW007F5){ref-type="fig"}*G*, genotype *P* \< 0.001). The dendritic branch length distribution analysis (Fig. [5](#BHW007F5){ref-type="fig"}*H* and [Supplementary Fig. 7](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw007/-/DC1)) showed no difference, indicating that NgR1 mostly affects formation of new branches and not the growth of existing ones.

In the nucleus accumbens, we found the dendrites to be much more stable and thus affected neither by overexpression of NgR1 nor by the exposure to cocaine. Dendrite length, number of dendrite endings, Sholl analysis, and dendrite branch length frequency analysis were all similar between the groups (Fig. [5](#BHW007F5){ref-type="fig"}*I*--*L*).

Together, the analysis of dendritic architecture shows that the 3 analyzed brain areas differ markedly with respect to NgR1 and cocaine effects on dendritic structure and identifies cingulate cortex as an area with a profound role of NgR1 signaling for cocaine-induced plasticity of dendrite architecture. Our data reveal profound effects of NgR1 levels on dendritic architecture and show that cocaine can effectively alter dendritic architecture in adult animals in an NgR1-dependent manner.

Discussion {#s4}
==========

Research during the last decade has provided strong support for a role for the Nogo-signaling system, and particularly NgR1, in plasticity underlying learning ([@BHW007C25]; [@BHW007C37]). NgR1 has been shown to be temporarily downregulated in a number of neuron-activating situations, including physiological conditions and following central nervous system (CNS) lesions, drug exposure, or electroconvulsive stimuli ([@BHW007C14]; [@BHW007C9]; [@BHW007C43]; [@BHW007C11]; [@BHW007C27]). Since NgR1 downregulation appears to be closely coupled to many forms of neuronal activation, we previously generated mice with an additional NgR1 gene, driven by the Cam kinase II promoter. While the endogenous NgR1 gene is downregulated by activity also in these mice, the transgene is not. We found that transgenic NgR1 overexpression, presumably by counteracting downregulation of the endogenous NgR1 gene, impaired the formation of long-term memory ([@BHW007C16]). This supports previous as well as later findings that loss of NgR1 instead enhances cortical plasticity ([@BHW007C24]; [@BHW007C43]; [@BHW007C1]; [@BHW007C47]) and learning ([@BHW007C1]; [@BHW007C47]). Another study has reported learning impairments in NgR1^−/−^ mice ([@BHW007C40]), which is conceivable as a result of too much plasticity, which might impair consolidation and long-term maintenance of newly formed circuitries. In support of a role for Nogo signaling in learning, there is also evidence that rats with age-related cognitive impairment have an increased expression of proteins from the Nogo family ([@BHW007C41]).

While a role for NgR1 in plasticity appears well established in principle, there are also partially contradictory results. Information has also been limited with regard to the relative role of NgR1 downregulation for synaptic plasticity in different brain areas, and to which degree not only spines but also the dendritic tree itself is affected. To address these issues, we took advantage of mice overexpressing NgR1 in forebrain neurons to obtain a better understanding of when and where NgR1 levels matter for behavior and gray matter plasticity. We subjected control mice and mice with overexpression or underexpression of NgR1 to a variety of different memory tests in sequence, starting with a motor skill test, followed by a recognition memory test and ending with 2 spatial memory tests, thereby testing several aspects of memory function in the same mice. The entire test battery took approximately 1 month, considerably more time than most test batteries of behavior. We subjected a different group of control and NgR1 overexpressing mice to either a saline or a cocaine sensitization protocol and studied cocaine-induced behaviors as well as spine and dendrite structure in all 4 groups. Taken together, our studies demonstrate key roles for NgR1 in forebrain neurons for the ability to manage hippocampus-dependent tests under demanding conditions and for reactions to drugs of abuse. Importantly, we demonstrate brain area-specific dendritic and spine density alterations caused by NgR1 overexpression and by cocaine.

NgR1 Overexpression Does Not Disturb Gross Brain Anatomy or Animal Vitality {#s4a}
---------------------------------------------------------------------------

To verify that NgR1 overexpression does not impair overall brain development, we performed high-resolution ex vivo MRI analyses of the brains of adult NgR1 overexpressing and control mice and found no significant differences in the size of selected gray and white matter brain regions. This shows that the presence of the NgR1 transgene does not cause any major disturbances of brain development. The only significant finding was a slightly higher MD value in white matter, but as the FA value was not affected, our data suggest normal or near-normal overall condition of both gray and white matter. These observations and the generally healthy appearance and behavior of NgR1 overexpressing mice show that such overexpression during development and in adulthood does not severely impair vital qualities of life.

Lacking NgR1 Modestly Impairs Motor Learning, Training Rescues It {#s4b}
-----------------------------------------------------------------

In the initial Rotarod test, we saw no significant difference in performance between NgR1 overexpressing mice and controls. Mice lacking NgR1 had a modest, but significant impairment of early motor performance as measured by the Rotarod. These findings are consistent with previous studies ([@BHW007C20]; [@BHW007C1]; [@BHW007C29]). However, we found that intense training allowed NgR1^−/−^ mice to reach a level of performance equal to that of NgR1^+/−^ controls, but no tendencies of faster learning. Thus, forebrain overexpression of NgR1 does not impair motor learning, and training rescues the NgR1^−/−^ motor endophenotype.

Lacking NgR1 Impairs Short-Term Object Memory {#s4c}
---------------------------------------------

Similar to their performance in the Rotarod test, NgR1 overexpressing mice were not impaired in a novel object test, suggesting that the presence of the NgR1 transgene does not impair recognition memory. Surprisingly, NgR1^−/−^ mice did not show a significant preference for the novel object, while NgR1^+/−^ mice did. This was not due to a lack of exploratory behavior as the NgR1^−/−^ mice spent more time investing the objects during the familiarization phase. Furthermore, the lack of preference was not due to fewer visits to the novel object than made by the NgR1^+/−^ control mice, but to a higher interest also in the "familiar" object. A likely reason is that the objects were not memorized well enough by NgR1^−/−^ mice during the familiarization phase. Hence, while NgR1^−/−^ mice continued to view the familiar object as interesting, NgR1^+/−^ did not. These findings broaden the understanding of memory disturbances caused by lack of NgR1, and, when combined with the indication of impaired working memory in NgR1^−/−^ mice ([@BHW007C5]), suggest that lack of NgR1 causes disturbances of short-term memory.

NgR1 Overexpression Limits Spatial Memory Capacity {#s4d}
--------------------------------------------------

We have previously shown that NgR1 overexpression does not impair learning in the Morris water maze but impairs the formation of lasting memories ([@BHW007C16]; [@BHW007C17]). When we now increased difficulty by subjecting the mice to 4 consecutive tests, the third being Barnes maze, directly followed by Morris water maze, the performance of NgR1^−/−^ mice was as good as that of NgR1^+/−^ mice; both groups showed efficient learning in both mazes. NgR1 overexpressing mice navigated the Barnes maze as well as control mice, supporting our previous finding that day-to-day development of spatial memory is not impaired. However, while NgR1 overexpressing mice had no problem to learn the visual version of Morris water maze, they did not manage to learn how to navigate the Morris water maze when the platform was hidden. The finding that NgR1 overexpressing mice are not impaired in Barnes maze strengthens our previous findings that NgR1 overexpression does not impair learning of a spatial memory. There are several possible reasons that overexpressing mice are impaired in Morris water maze when subjected to this test directly after having undergone Barnes maze test but not when Morris test is the only test. For instance, overexpressing mice might not be capable of learning a new escape strategy. We find this to be unlikely, however, as NgR1 overexpressing mice had no problem learning to swim to the visual platform. Alternatively, the NgR1 overexpressing mice could have a reversal problem when using similar ques for a different test. However, NgR1 overexpressing mice are not impaired in reversal learning when tested only in Morris water maze ([@BHW007C16]). Another possibility is that the decreased number of mushroom spines caused by NgR1 overexpression (see Discussion) may become insufficient as memory tasks accumulate. This is supported by the fact that learning of a spatial task correlates well with the number of mature mushroom spines ([@BHW007C23]).

To summarize findings from the series of behavior tests, lack of NgR1 appears to result in a slight impairment in motor skill that can be overcome by training, and an impairment in recognition memory, while spatial learning is not affected. In contrast, overexpression of NgR1 does not affect motor learning or recognition memory, but diminishes the ability to learn multiple spatial tests.

NgR1 Overexpression Alters Responses to Cocaine Sensitization {#s4e}
-------------------------------------------------------------

We next asked if NgR1 overexpression would modulate the behavioral response to a strong and addictive psychostimulant and subjected control and overexpressing mice to a cocaine sensitization paradigm. The first dose of cocaine caused proportionally similar increases of locomotion behavior in control and NgR1 overexpressing mice. However, during the next 3 days of cocaine treatments, overexpressing mice increased their cocaine responses more than controls although both controls and NgR1 overexpressing mice showed strongly significant sensitization. For control mice, the increased locomotion was paralleled with an increase in stereotypic-like behavior. This was not the case for NgR1 overexpressing mice that kept their stereotypic behavior at a constant level, leaving more time for the overexepressing mice to perform locomotive behavior. This increased sensitization of NgR1 overexpressing mice suggests that a persistent high level of NgR1 impairs the ability to adapt to repeated cocaine treatments.

Increased Versus Decreased Nogo-A---NgR1 Signaling: Opposite Effects on Spines and Dendritic Architecture? {#s4f}
----------------------------------------------------------------------------------------------------------

Recent work from several laboratories suggest that the Nogo-A---NgR1 signaling pathway plays a pivotal role in maintaining synaptic circuitry and regulating experience-dependent structural plasticity as needed in CNS gray matter. Using Golgi staining and in vivo two-photon imaging, alterations of dendritic structure, and density and turnover of dendritic spines have been described in response to removal/neutralization of Nogo-A or NgR1. The overall finding of decreasing Nogo-A signaling is increased size of dendritic arbors, and in certain models increased spine density or a shift toward more immature spine types ([@BHW007C28]; [@BHW007C46]; [@BHW007C30]). Conversely, overexpression of Nogo-A has been shown to lead to smaller dendritic trees in the cerebellum and while we investigated a different area, it appears that overexpression of NgR1 phenocopies the effects on Nogo-A overexpression, strengthening the support for Nogo-A to NgR1 signaling as an important regulator for dendritic structure ([@BHW007C30]).

As for NgR1, structural studies at the dendrite and spine level have previously only been carried out following receptor deletion, and the picture is less clear. Studies have reported no effect on total spine counts, but a shift toward a decreased density of thin and mushroom spines and an increase of stubby spines ([@BHW007C22]), increased experience-dependent spine turnover and enhanced learning without marked effects on spine density ([@BHW007C1]), or no effect on spine turnover or spine stability, despite altered memory functions ([@BHW007C29]). Still others have reported learning impairments in NgR1^−/−^ mice ([@BHW007C40]), which is conceivable as a result of too much plasticity, impairing consolidation and long-term maintenance of newly formed circuitries. In support of a role for Nogo signaling in learning, there is also evidence that rats with age-related cognitive impairment have an increased expression of Nogo family proteins ([@BHW007C41]).

Here, we provide a missing link for the understanding of the structural effects of altered Nogo-A---NgR1 signaling at the spine and dendrite level, by examining the effects of increased NgR1 levels. This approach is particularly relevant for NgR1, because its dynamic involvement in the regulation of synaptic plasticity appears to be temporary downregulation, rather than upregulation episodes, in response to increased neuronal activity ([@BHW007C14]). Further support for the rationale to study structural sequelae of NgR1 overexpression is our finding that inability to downregulate NgR1 impairs formation of lasting memories ([@BHW007C16]).

General Reductions of Mature Spine Densities in Brain Areas of NgR1 Overexpressing Mice {#s4g}
---------------------------------------------------------------------------------------

To explain the behavioral effects of NgR1 overexpression in forebrain neurons, we hypothesized that the increased NgR1 levels would lead to decreased spine densities and possibly smaller dendritic trees in affected brain areas. To investigate this, we studied adult control and NgR1 overexpressing mice. We added structural analysis of treatment of adult mice with cocaine, a drug known to induce synaptic plasticity ([@BHW007C33]). Three areas were chosen due to their strong involvement in decision-making (frontal association cortex), emotional regulation, and "top-down control of memory retrieval" (cingulate cortex), as well as rewarding behavior (nucleus accumbens) ([@BHW007C33]; [@BHW007C35]; [@BHW007C32]). Our detailed analysis of spines and dendritic trees of neurons in these 3 brain regions showed that the presence of an NgR1 transgene that is not downregulated by neuronal activity, and thus presumably counteracts plastic events ([@BHW007C16]), leads to reduced density of mushroom-type (mature) spines, consistent across the frontal association cortex, the cingulate cortex, and nucleus accumbens. This resulted in an overall lower spine density in overexpressing mice when compared with controls. We conclude that NgR1 is a robust limiter of the number of mature dendritic spines in vivo with clear functional consequences.

The analyses of secondary and tertiary dendrites in dorsal CA1 in NgR1^−/−^ mice have shown increased density of stubby spines at the expense of thin and mushroom spines ([@BHW007C22]), while there was no effect on total spine density. In the barrel cortex, neither spine density nor distribution of spine types was found to be affected by loss of NgR1 ([@BHW007C1]). While the loss of NgR1 therefore does not appear to affect total spine density and to have different effects on spine types in different regions, we can now show that NgR1 overexpression in forebrain neurons results in robustly reduced total spine density and a reduction in mature mushroom spines in 3 out of 3 investigated brain areas.

Area-Specific Alterations of Dendritic Structure in NgR1 Overexpressing Mice {#s4h}
----------------------------------------------------------------------------

Our observation that dendritic length in saline-treated NgR1 overexpressing mice was decreased in the cingulate cortex, and that there was a similar tendency in the frontal association cortex, but not in the subcortical nucleus accumbens shows that the effects of NgR1 vary between brain regions and/or types of neurons. The normal expression of NgR1 in accumbens is very low ([@BHW007C4]). One possibility for the difference seen in accumbens between spines (decreased density) and dendrite lengths (not affected) could thus be that presynaptic NgR1 in afferent projections regulates the formation of mushroom spines on the dendrites of accumbal neurons, while effects on dendrite structure may require increased NgR1 on the dendrites themselves (as is the case in the 2 cortical areas studied).

In the most NgR1 responsive area in our study, the cingulate cortex, dendritic branching was decreased by NgR1 overexpression, and Sholl analysis showed decreased dendritic complexity. Thus, NgR1 overexpression decreased all 3 investigated dendritic parameters, length, branching, and complexity in this area. The difference in dendritic length did not seem to be due to the growth of individual dendritic branches, but instead appeared to most closely correlate with the number of endings, indicating a role for NgR1 in the initiation of branching but not in the prolongation of the segments. This is in agreement with previous studies, indicating that NgR1 is important for the initial steps in outgrowth, but not neurite growth per se ([@BHW007C6]).

NgR1 Overexpression Alters Structural Reponses to Cocaine in the Cingulate Cortex {#s4i}
---------------------------------------------------------------------------------

The cocaine sensitization protocol increased dendritic length in frontal association cortex. Thus adult pyramidal neurons can undergo such alterations in response to a 10-day drug treatment. The tendencies for cocaine to increase mushroom spines in frontal association cortex and nucleus accumbens are in line with the findings by others ([@BHW007C35]). However, the most striking structural effects of cocaine sensitization were observed in the cingulate cortex, in which cocaine decreased spine densities in control mice, but increased spine densities in NgR1 overexpressing mice. A similar pattern was observed with respect to dendrite lengths and dendrite endings. The significantly shorter dendrite lengths and dendrite endings seen in saline-treated NgR1 mice compared with saline-treated control mice were no longer significant in the corresponding cocaine-treated groups. This suggests that a strong stimulus, such as cocaine, can overcome the inhibitory effect of NgR1 overexpression and partially normalize the cell although spine densities in NgR1 overexpressing mice do not exceed densities found in nontreated control animals. The fact that cocaine decreases spine densities in the cingulate cortex of control mice might reflect the ability of control mice to dampen the sensitization effect of repeated cocaine injections more effectively than NgR1 overexpressing mice.

Conclusions {#s5}
===========

Taken together, we show that constitutive overexpression of NgR1 significantly limits learning and the density of mature spines in forebrain neurons in all areas examined (frontal association cortex, cingulate cortex, and nucleus accumbens) as well as limits dendritic branching. We also show that NgR1 overexpression blocks the emergence of stereotypic-like behavior induced by cocaine and alters structural responses to this drug. A role for NgR1 emerges as a master regulator of synaptic plasticity and memory, also in the adult animal, and identifies the cingulate cortex as a key brain area for drug-induced NgR1-regulated dendritic and spine plasticity.
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